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‘ Concrete specimens were cast wi th 1.0, 1.5, and 2.0 percent concen-

trations of steel fibers by volume of concrete and cured for 28 days in
a moisture room. After 28 days , a notch was sawed in each of the specimens
with a masonry saw, and a small crack was propagated from the tip of the
notch by mechanical means. Control specimens then underwent a compliance
testing procedure to determine the work rate necessary to propagate a
crack through the specimens. The remaining specimens were subjected to
a flowing saltwater environment for four different exposure intervals.
The.strain energy release rate of the specimens exposed to saltwater
was ~determined and compared with that of the control specimens . The
rate of change of strain energy release rate decreased wi th increasing
time and with increasing steel fiber content.
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STRENGTH OF STEEL FIBER CONCRETE
IN ADVERSE ENVIRONMENTS

1 INTRODUCTION

Background

Introduc ti on of randomly di spersed discrete steel f ib ers into a
concrete mix si gnificantly alters the strength characteristics of the
plain concrete . Of particular concern is the change in strength as
cracks develo p and propagate through fi brous concrete ex pose d to a
flowing saltwater environment --conditions to which a fibrous concrete
overlay of a pavement or bridge deck would be exposed .

This study investigated this problem using fracture mechanics.
Fracture mechanics , which A . A. Griffith proposed as a theory explaining
bri t-tle failure in 1921 ,1 involves use of energy relationships to deter-
mi n e a mater ia l ’s strength by rela ting inherent flaw dimensions to the
n~a te r i al ’ s state of stress. (Appendix A explains the theory in greater
detail.) Fracture mechanics was initially applied to brittle ma terials
such as g lass , but was later mod i fied by Irwin for application to duc-
tile materials such as steel .2 Interest in usin g fracture mechanics to
explain the failure mechanism of both plain and fiber-reinforced con-
cre te 3 has been growi ng .

The introduction of randomly distributed discrete steel fibers
direc tly into the concre te mix improves many of the impor tan t mechan i cal
pro perties of p l a i n  concre te , suc h as the flexure , tensile , and fatigue
strengths .’

~ 
£ The average spacing of fibers is less than 0.200 in .

TK. A. Griffith , “Phenomena of Ru pture and Flow in Solids ,” ~- ; ~~~~~~

~~~~~~~~~~~~~ Vol 221, No. A587 (Royal Society of London , 1921), p 163.
2G R. Irwin and J. A. Kies , “Critical Ener gy Rate Analys i s of Frac ture

Stren g th ,” We~~.~i~ a Journal , Vol 33 (April 1 954), p l93s.
3J. P. Romual di an d G . B . Batson , “Mechanics of Crack Arrest in Concrete ,”

‘ ~l ~ the (J~.n~~( I 1 (‘p2 7~~ ( ,~~. ~~, ( I  I I

:~~
-
~:‘ -t ’~ 0 ’ -~‘i~’:~ E~~~~ i,~~r’o, Vol 89 , No. EM3 (June 1963), p 147.

kG. B. Batson , et al. , “Flexural Fati gue of Steel Fiber Reinforced Con-
crete Beams .” .T(~Ar~~-z7 c-” ’ the American Co~:. i’ - t - T i u ~~c , Procee d in gs
Vol 69, No. 11 (November 1972), p 673.5G. B. Bat son , E. Jenkins , and R. Spatney, “Steel Fibers as Shear Rein—
f o rcement  i n  Beams , “ ~r~-~ z 7. o ’ 

~ ~~~
- A r’i~’p- 1 - - 

~c . : r :-
Procee d ings Vol 69 , No. 10 (October 1972), p 640.1R . N. Swamy and P. S. Mangat , “The Onset of Cracking and Ductility of
Steel Fiber Reinforce d Concrete ,” ‘

~~~~~~‘~~~ : f r •~~ 
- I , ’I’~~~ . - . ‘ . ~~~~~~~~~ Vol 5

(1975), p 37.
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(5.08 mm~ for concentrat ion of steel fibers in the range of 1 or 2
percent . ,8 The close spacing of the fibers , which act as crack arres-
tors , inhibits or retards the growth of flaws existing naturally in the
concrete . The crack-arrest action increases the first -crack strength
(i.e., the point at which the load-deflection relationship is no longer
linear ), and greatly improves the ductility after cracking by consuming
energy to pull out or strip steel fibers from the concrete matrix .9

Purpose

The purpose of this study was to determine the reduction in strength
of steel-fiber-re inforced concrete when a sharp crack in the fiber con-
crete is subjected to an applied stress norma l to the direction of the
crack after exposure to continually flowing saltwater for varying dura-
tions of time .

App roach

The ex per imental technique employed is an ada p tation of the p lane
stra i n frac ture toughness testin g techni que. ’° Wedge opening loading
(WOL) specimens , which have been widely used for experimenta l verifica-
tion of theoretical fracture phenomena ,’’ were used. The main advan-
tages of the WOL spec ner, are its compactness and convenience for
la boratory machining and testing. A scaled-up WOL specimen (Figure 1)
has been employed for previous fiber concrete research.’2’’3 The di-
mensions of the s pec imen are such that a si gnificant volume of the
material has a random distribution of fibers; only near the surfaces is
there any preferent i al ali gnment.

~‘~~amy and t-langat.8J. P. Romua ldi and J . A. Mandel , “Tensile Strength of Concrete Af fec ted
by Uniformly Distributed and Closely Spaced Short Lengths of Wire Rein-
forcement ,” Journa l ~~~ ~he American Concrete Ins ti~ :~~ 1, Proceedings
Vol 61 , No . 6 (June 1 964), p 657.
~~~~~ and Mangat.

‘° /1 f r ? 7 1
~~~~~ O~~) k  ‘ ,~~ -:~i ~~nLn~!~ (American Society for Testing and

Materials [ASfl-1] , May 1969), Part 31 , p 1099.
1 1 E. T. Wesse l , “State of the Art of the WOL Specimen for KIC Frac ture
Toughness Testing, ” En~7-~n~cr inJ Fracture Mechanics , Vo l I ( 1968),  p 77.

2A . A. Forzani , J- ’;• ’/ , - 
~‘ l?~:~ :z i. E ’J’ec ~s on ~~~~~~~ .?C U~~ 12k ~C~ O~~J’I~C ~. I .

Un published M.S. Thesis (Clarkson College of Technology , 1972).
‘ 3M. J . Mathi s , ! , r ~~t~o.c - o~:

’
~:— ; of ’ ! ‘ i o i ~ ~ 1- .n,~oroo I Concre~.c by

I;: ~~: 
-
~~

-
~~ :o toading J7 oc:ricn, Un published M.S. Thesis

(C larkson Colle ge of Tec hnolo gy, 
1974).8
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Load-displacement curves were experimentally determined for notch
depths of 2.25, 3, 4, and 5 in. (57.2, 76.2 , 101.6 , and 127.0 mm) and
fiber contents of 1.0, 1.5, and 2.0 percent in the ambient condition of
the laboratory . Compliance was then determi ned based on the specimen ’s
original dimensions , and plotted versus the crack length to specimen
length ratio for each fiber content. The comp liance of the specimen was
taken as the inverse slope of the stress-deformation curve.

The strain energy release rate, required to extend a crack for the
ambient condition was compared with that for specimens subjected to 74,
113 , 148 , and 176 days of exposure to a flowing saltwater environment.

~ul 10” 

~1

- 

I.I25 ’ �

-

~ :t 
~~~~

I.l25 ”�

~ —2 ”

H
0.280~~a/w~~O.7QO

Fi gure 1. Modified WOL specimen. SI conversion factor : 1 in. = 2 .54 cm.
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The reduction in strain energy release rate is a measure of the effect
of the flowi ng saltwater on the strength of the fiber-reinforced con-
crete , because the strain energy release rate can be directly related to
the stress necessary to extend a crack. ’’~

An add ed feature of the app roach use d was the ex perimental veri fi-
cation of the theoretically evaluated compliance curves for the WOL
spec imen .

ThG R . Irwi n and J. A. K i es , “Critical Energy Rate Analysis of Fracture
Strength ,” W l I ~n~i • -

~uo~nai , Vol 33 (April 1954), p l93s.
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2 TESTING PROGRAM -
- 

-

Test Specimen

The forms for specimen casting were constructed from steel plates 4
in. (101.6 m) wide x 1/4 in. (6.4 mm) thick conforming to the dimensions
in Fi gure 1 and mounted on a channel (12 in. wide by 20.7 lb [0.3 m by
9.4 kg]) base. Two channel section bases , each permitting mounting of
four steel plate forms , were used . The load ing pin holes were formed by
fixin g two tubes of 1 1/8 in. (28.6 mm ) outside diameter aluminum coated
with paraffin to the channel base .

The mix proportions given in Table 1 were adopted from a mix
desi gned by the U.S. Army Constructi on Engineering Research Laboratory
(CERL) for an overlay project at Fort Hood , TX. The sand used was a #1
dry silica sand supplied by Pennsylvania Glass Sand Corp. of Philadelphia ,
PA. The coarse aggregate was 3/8 in. (9.5 mm) peastone from Bicknell
Brothers of Pots dam, NY. The cement was Portland Hi gh Early manufac-
tured by Ciments Canada Lafarge Lte ’e. Pozzol ith , a water-reducing
admixture produced by Master Builders , was used at the rate of 743 m2./cu
yd of mix (972 m~/m3). Tap water was employed throughout the process.
U .S. Steel Fibercon fibers (Figure 2), 0.010 x 0.022 x 1.00 in. (0.254
x 0.559 x 25.4 mm), were added on a percentage by volume basis.

Table 1
Mix Desi gn

A . Proportions Per Cubic Yard

Peastone 1351 lb (613 kg)
Sand 1351 lb (613 kg)
Cement 850 lb (386 kg)
Water 510 lb (231 kg)
Water Reducer 743 mi~. Pozzolith

Fiber
1.0% 136 lb (62 kg)
1.5% 204 lb (93 kg)
2.0% 272 lb (123 kg)

B. S i eve Analysis for #1 Sil ica San d
Sieve No. Opening , in.(mm ) % Retained Cumulative

% Reta i ned
16 0.0460 (1.1684) 0.0 0.0
30 0.0232 (0.5893) 3.98 3.98
50 0.0116 (0.2946) 66.39 70.37
100 0.0058 (0.1473) 28.10 98.47
pan 0.0 (0.0) 1.53 -

Fineness Modulus E Cumulative % Retained

Fineness Modulus = 1.73

11 
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Fi gure 2. Steel fibers.

Specimen Casting Procedure

The concrete was mixed ‘in a 2 cu ft (1.5 m 3) electric- powered
rotating drum mixer which had been moistened and allowed to drain. The
mix consti tuents were weighed on a platform scale to an accuracy of 0.01
lb (0.01 kg). The liquid admixture , Pozzolith , was proportioned with a
graduated cyl i nder to the nearest 0.1 mP.. -

The mixin g sequence was as follows . First the peastone and then
the sand were added to the mixer and allowed to mix for approximately 1
minute. Next , the cement was added and mixed for 1 minute . The water
augmented with Pozzolith was slowly added while the mixer was rotating .
With the mixer still rotating , the fibers were added by sifting them
throu gh a wi re mesh basket to prevent segregation or “balling up ” w i thin
the concrete mix. After the fibrous concrete was mixed for at least 3
minutes , or until thorou ghly blended , it was placed in a wheelbarrow and
trans ported to the forms.

The concrete was placed in the forms to a depth of 2 in. (50.8 mm),
and the forms were vibrated externally by an electric vi brator. The
forms were then filled with concrete and vibrated again. To insure
random distribution and orientation of the fibers , the vi brator was not
inserted into the mix. The surface of the specimens was then troweled
smooth and covered with polyethylene. After the specimens cured in the
forms for 72 hours , the forms were stripped and the specimens were
placed in a moisture room where they cured for 25 days . One compression

12
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cyli nder conform i ng to Amer i can Society for Test i ng and Mat~ria 1s
(ASTM) standards ’5 was cast for each batch of concrete mixed .

Control Spe ci men Tes ting Procedure

A fter the specimens were cured , groups of 16 specimens of each
fiber content were removed from the moisture room and notched to depths
of 2.25, 3, 4, and 5 in. (57.2, 76.2 , 101.6 , and 127.0 mm) with a
masonry saw. A small crack was then propagated from the tip of the
notch by means of the mechanical harness shown in Figure 3. India ink
dye was injected into the crack to mark its depth. The crack was
propagated so that the strain energy release rate (Gic ) wo ul d be
determ i ned for a shar p crack rather than a b lunt notch as use d i n
previous research. ’ 6 ’ ’ 7

I

- - 

~~~~~~ 
-

L t~1~~
F igure 3. Mechanical cracking harness.

- • :r’~ s (ASTM , May 1969).
- ‘. - ,- ‘ ~~~~< - ‘ , -

- 

~~~~~~~~~~ Testing and I ts  App 7i ~~ f . . ~~, ASTM
~~ ial E~.hn ica1 Publication No. 381 (ASIM in cooperation wi th

N~it io na l  t~eroriautics and Space Administration [NASA] , 1965).
‘7 C. E. Turner , “F racture Toughness and Specific Fracture Energy : A

R~ —A ’ .~l vsi S o~ Resul ts , ‘‘ r : - z ~~’ ~~c ’~o~’ and ~~~~~~~~~~~~~~~~~~ Vol Il
(‘ -

~~~
-, 1 9 7 ; ) ,  pp 275 -282.
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T he s pecimens were tes ted in a T i nius Olsen Ucelo tronic elec tro-
:~echanica 1 testing machine (Figure 4) with autographic recorder (Figure
5). The recorder plotted the load applied to the specimens and the dis-
pla~e~ent across the front face of the notch in the direction of the
- p ~ l ied load. The magnitude of the load was determined by a 12 ,000-lb
( - ~43 -kg) load cell in the electromechanical testing machine. The dis-
p1a~,e~ent was measure d by the com p liance gage s hown in Fig ure 6; 0.1
in. (2.54 mm) of travel of the recording chart represented 0.000288 +

0.000003 in. (0.0073 15 + 0.000076 mm) of displacement. Fi gure 7 shows a
schematic of the compliance gage , and Figure 8 shows the control spec-
imens prepared for test ing.

I!) _____

~~ 

~~~~~~~~~~~~

Fi gure 4. Electromechanical test i nq ‘kic hine.

14
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Figure 5. Autographic recorder.
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Fi gure 6. Compliance gage .
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- . . . • • . 500 Ohm Strain gages
- 

p . 
- - .Ii=_ — T1 12 Tension gages

‘
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C~ C2 Compression gages

a. Compliance gage mounted on specimen .

25 Ohm
Zero Balance

-J

X -Y Recorder

b. Brid ge measurement.

Figure 7. Sc hematic of complia nce gage.
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a. Comp liance specimen .

1 , _ i

1 .~
~ I

• . 
. S

b. Flushing of environmental specimen.

Figure 8. Specimens prepared for test ing.
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Each specimen was loaded to failure , and the inverse slope of the
linear portion of the load—displacement curve was computed as the
compl iance of the specimen. Figure 9 shows a typical load-displacement
relat ionship.

750

Pp
1500 -

_________ 

P0 
_________ _________ _________1250 — _________ ________ _________

000 — ________ _______ ________

‘I,

500 — _______ ________ _______ ________

250 — ________ ________ _______ ________

0 3 6 9 2 15
DISPLACEM ENT
(inches)x i~

-
~

Figure 9. Typical load-displacement relationship. SI conver~ion
factors : 1 in. = 25.4 mm; 1 lb = 0.4536 kg.
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Environmenta l Spec im en Testing Procedure

The environmenta l specimens were cast and cured in the sal e manner
as the control specimens. Al l specimens to be exposed to the sal twater
env i ron - m t had a sawed notch depth of 4 in. ( 101.6 mm), w i th  a sharp
crack propa mited from the notch ti p. The notch was held open by a
systeL of wooden wedges forced into the front face of the notch. The
purpose of the wooden wedges was to create a region of high stress
concen tration at the tip of the sharp crack. The specimens were then
placed in the environmenta l tank (Figure 10) where the crack tips were
subj ected to continuous f lushing of artificial sa ltwater for varying
exposure durations. The artificial saltwa ter solution was made by
adding 3.5 percent sodium chloride and 0.5 percent magnesium sulfa te by
weight to dist i l led water.IB The salt content in solu tion was monitored
weekly and adjusted if necessary . The pH , conductivity , and temperature
of the solution were monitored weekly throughout the experiment.

The artificial saltwater was del i vered directly to the notch of
each specimen by a 0.25-in. (6.4-mm) inside diameter Tygon tube. The
tubes were individually sec ured to the spigots at the base of a tank
which provided 18 in. (0.5 m) of constant hydrostatic head. The flow
rate through each tube was held constant at 0.15 ga l /minute (0.6 ~/minute) by using a clamp fl ow restrict ion located on each tube . The
entire environmental tank was covered wi th a polyethylene sheet to
minimize evaporating losses .

4 . . . .
* 

S
. •

~ 
•~ ~ •

~~ 
~~

-

: ~~
. . . 

~
•

Figure 10. Environmenta l exposure tank.
H 1001 , ‘~~ . tr~ t ~~

-
, AC I Monograph 3

(American Concrete Institute EAC h , Iowa State Un iversity r ress.
1 96- - - ) ,  p 137 .
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Three specimens of each fi ber content--l.O , 1.5 , and 2 percent—-
were exposed to the saltwater environment for 74, 113 , 148, and 176
days . At the end of each time interval , specimens were removed from
the env i ronmenta l tank and loaded to failure on the electromechanical
tes t in g machine .

Compliance Analysis

A modifie d compliance testing procedure was used in determining the
critical strain energy release rates for both the control and environ-
mentall y exposed spec imens. Compliance testing relates to the load
defl ection characteris tics of a material with the associated external
energy changes or work done on the specimen. ’9 The compliance is the
inverse spring constant of the material. The crit ical strain energy
release rate is related to the specimen compliance by Eq 1:

= O.5(PQB)
2 

~~~
- [Eq 1] 

—

where : G
~ 

= the critical strain energy release

B = the width of the specimen

PQ 
= the load at which crack propagation initiates

dC
= the slope of the compliance curve at the particular - -

crack length being analyzed .

For a given fiber content , the specimen compliance was plotted as a
function of the crack length rat io , obtained by divid ing the crack
len gth by the specimen length . The mod i fied polynomial least square
curve f it computer program in Appendix B was used to fit a curve to the
data . The work rate necessary to extend the crack was then determined
by the exp erimenta l relationshi p :

0 5 [ Qi dc rE 2
G = LBJ d(a/w) L q

Ic w

where G ic 
= the work rate require d to extend the crack a uni t d istance

B = the specimen wi dth

= the load at which the load-deflection curve deviates
‘
~ from linearity

‘~ J. F Knott , i’ o.~L .~’~ ’r ~~z 7o 
~~~~~ 

i- ’~ z~ toor ‘ tO or (Butterworths , 1973),
p 105 .
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dt a/w~ 
= the slope of the compliance curve at the particular

/ crack length ratio being evaluate d

w = the specimen length.

Two modifications of the polynomial least square fit were made to
analyze the data . At a crack leng th ratio of zero, the compliance was
set equal to an approximate value of the inverse of the modulus of
elasticity for the material . Furthermore , the coefficient of the first-
order term in the polynomial was forced to zero on the a priori basis
that Gi~ 

woul d of necessity be zero for zero crack length .2°

After loading the specimens to failure , the Gic values were com-
puted usin g Eq 1 , where PQ was the load at which the load-deflection
curve of the environmentaTly exposed specimens deviated from linearity .

To verify the correctness of the experimenta l compliance curves , an
analytical solution for the stress intensity factor , K , was emp l oyed.
This analyt ical relationship is: 2’

P (a/w)U2Y
K =  ~ 1’2 [Eq 3]

B(w /

where V = a polynomial obtained by boundary collection of the
Williams stress function .22’23

For the WOL specimen used , V is given as

V = 29.6 - l85.5(a/w) + 655.7(a/w)2 - lOl7(a/w )3 + 638.9(a/w)4 [Eq 4]

The compl iance (C) can be related to the polynomial V in the following
manner: 2 

~

C L[f(a/w)] [E 5]wBE q

~°J . E. Srawl ey, M . H . Jones , and B. Gross , Exieri rientol Determi -z~ -7.on o~the Dependence of Crack Extension Force on Crack Lcna th fo r  a S$~~~7c
EJ 70 tio tch Tension Specimen, NASA Techn ical Note 0 2396 (NASA , Au gust
1964 ).

2 1 J D. Desai and W. W. Gerberich , “Analysis of Incremental Cracking by
the Stress Wave Emission Technique ,” Eng ineer ing Er acture . - ckc~n-7 or ,
Vol 7 (Pergamon Press , 1975), p 156.

22 Desai and Gerberich.
23 B. Gross , J. E . Srawley , and W. P. Brown , J t-r oss Intens i ty E z r ~ — m r

a Ji ZJ 1O E - i~o Notch Tension Specimen by Boundar~j  Co l loca tion of a
~~~~r.~~:- ’~n ’t ion , NASA Technical Note D 2395 (NASA , Au gust 1964).2

~Desai and Gerberich.
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where L = the distance between points of application
of the tensile force

f(a/w) = proportional to V

E = the modulus of elasticity .

The relationshi p for the specimen geometry (Figure 1) is

C = 
~~~~

-
~~

- [2.7(a/w)~
’2V2] [Eq 6]

where the constant 2.7 was changed from 0.8 as given by Desai and
Ge rberi c h.

An attempt was made to generate two compliance values from each
specimen . The specimen was loaded until the maximum sustainable load
for a particular crack length , P~, was reached. A methyl red dye was
then injected into the crack , and the specimen was unloa ded . After the
dye had dried , the specimen was again loaded to failure and the com-
pliance determi ned in the same manner as before.
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3 RESULTS

For all fib er contents , the ex posure to the ar ti f i c i al sa l twa te r
environmen t decreased the strain energy release rate required for crack
propagation (Table 2). Figure 11 shows a typical relations hip between
Gic and exposure . The effect of the saltwater was less pronounced with
each increase in fi ber concentration. For the 1 percent fiber speci-
mens , the critical strain energy release rate decreased from 0.540 (in.-
lb)/sq in. (94.6 rn-N/rn2) for the ambient condition to 0.388 (in. -lb)/sq
in. (68.0 rn-N/rn2) after 74 days of exposure , a drop of 28 percent. Dur-
i ng the rema i n i ng 102 days of exposure , the G Ic value decreased to 0.356
(in .-lb)/sq in. (62.3 m—N/m 2), an additional decrease of 5.92 percent
with more than 1 00 percent i ncrease in exposure ti me . The Gj~ values
for the 1 .5 percent fiber specimens decreased from 0.850 (in. -lb)/sq in.

Table 2

Cr itical Strain Energy Release
Rates of Environmenta l Specirnens

1.0 Percent Fiber :1

a/w * Exposure 6 P 6
Days • 

IC 
• 

P 
- 

Ic 
•lb ( ln. - l b ) /sq  in. lb ( in . — lb ) /sq  in.

(kg) (rn-N/n 2) (kg) (rn-N/rn2)

2.566 74 760 (345) 0.388 (68.0) 805 (365) 0.435 (78.8)
fl .564 74 780 (354) 0.403 (70.6) 870 (394) 0.502 (87.9)
0 .516 74 890 (404) 0 .373 (65.3)  1025 (465) 0.495 (86 .7 )  —

Avg : 0.388 (68.0) Avg: 0.477 (83.5)

0.516 11 3 890 (404) 0.373 (65.3) 968 (439) 0.442 (77.4)
3.512 113 913 (414) 0.382 (66.9) 1210 (549) 0.670 (117.3)
0.506 113 1 000 (455) 0.438 (76.7) 1193 (541) 0.633 (110.9)

___________ - 

Avg : 0.398 (69.7) Avq : 0.582 (101.9)

0.520 148 870 (394) 0.367 (64.3) 960 (435) 0.477 (83.5)
0.513 14R 890 (404) 0.365 (63.9) 955 (433) 0.421 (73.7)
0.505 148 930 (422) ~.2t 2 (63.4) 1135 (515) 0.540 (94.6)

Av3 : 0. i6~ 63.9) Avg : 0.479 (83.9)

0.539 176 800 (363) 0.356 (62.3) 1035 (469) 0.596 (104.4)
-3.524 176 850 (386) 0.361 (63.2) 1255 (569) 0.787 (137.8)

176 890 (404 ) 0 .3 52 ’61 .5 )  1170 (531) 0.608 (119.1 )

Avg: 0.356 (62.3) Avg : 0.664 (116.3)

*a i s the distance from the center of the loa di ng p in holes to the
bottom of the sawed notch plus the length of the mechanically induced
crack; w is the width of the specimen , wh ich is a constant.
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Table 2 (cont’d)

1. 5 Percent Fiber

0 .531 74 1200 (544) 0.837 (146.6) 1660 (753) 1.601 (280.3)
0.525 74 1220 (553) 0.809 (141.7) 1990 (862) 1.996 (349.6)
0.523 74 1100 (499) 0.658 (115.2) 1160 (526) 0.732 (128.2)

Avg: 0.768 (134.5) Avg: 1.443 (252.7)

0.518 113 1180 (535) 0.726 (127 .1 )  1620 (735) 1.369 (239.7)
0.512 113 1 300 (590) 0.838 (146.8) 1700 (771) 1.432 (250.8)
0.506 113 1 300 (590) 0.795 (139.2) 1740 (789) 1.425 (249.6)

Avg : 0.786 (137.7) Avg : 1.409 (246.8)

0.535 148 1060 (481) 0.675 (118.2) 1170 (531) 0.822 (144.0)
0.510 148 1220 (553) 0 .725 (127.0) 1440 (653) 1.010 (176 .9)
0.506 148 1260 (572) 0.747 (130.8) 1700 (771) 1.360 (238.2)

Avg : 0.716 (25.4) Avg: 1.064 (186.3)

0.547 176 1030 (467) 0.701 (122.8) 1040 (472) 0.715 (125.2)
0.520 176 1160 (526) 0.714 (125.0) 1750 (794) 1.608 (281.6)
0.516 176 1130 (513) 0.655 (114.7) 1860 (844) 1.744 (305.4)

Avg : 0.690 (120.8) Avg: 1.356 (237.5)

2.0 Percent Fiber

0.531 74 1120 (508) 0.699 (122.4) 1440 (653) 1.155 (202.3)
0.510 74 1760 (798) 1.351 (236.6) 2155 (977) 2.026 (354.8)
0.508 74 1590 (721 ) 1.076 (188.4) 2035 (923) 1.763 (308,8)

Av g : 1.042 (182.5) Avg : 1.648 (288.6)

0.5 06 113 ~t60 (708) 1. 011 (177.0) 1960 (889) 1.596 (279.5)
0.506 113 1500 (680) 0.935 (163.7) 2110 (957) 1.849 (323.8)
0.504 113 1 580 (717) 1.01 2 (177.2) 1730 (785) 1.213 (212.4)

I\vg: 0.986 (172.7) Avq: 1.553 (272 .0)

0.522 148 1 340 (608) 0.903 (158.1) 1600 (726) 1.288 (225.6)
0.517 148 1430 (649) 0.930 (162.9) 2060 (934) 2.013 (352.5)
0.512 148 1460 (662) 1.177 (206.1) 1790 (812) 1.770 (310.0)

Avg: 1. 003 (175.7) Avg : 1.690 (296.0)

0.i21 116 1400 (635) 0.974 (170.6) 1 900 (862) 1.795 (314.4)
0.510 176 1460 (662) 0.930 (162.9) 1870 (848) 1.525 (267.1)
0.508 176 1550 (703) 1 .023 (179 .2 )  2220 (1007) 2 . 098 (367. 4)

Av g : 0.976 (170.9) Avg: 1.806 (316.3)
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Figure 11 . Critical strain energy release rate for 1.0 percent
fiber content. SI conversion factor : 1 (in. -lb)/sq
in. = 175.13 rn—N/rn2.

(148.9 rn-N/rn2) for the ambient condition to a 0.768 (in. -lb)/sq /in.
(135.5 rn-N/rn2) after 74 days of exposure , a drop of 9.65 percent. After
1 76 days of exposure , the G ic value decreased to 0.690 (in. -lb)/sq in.
(120.8 rn-N/rn2), for a total decrease in crit ical strain energy release
rate of 18.82 percent. The GIc values for the 2 percent fiber specimens
decreased from 1.10 (in. -lb)/sn in. (192.6 rn—N/ rn2) for the ambient
condition to 1.04 (in.-’.b)/sq 11. (182.1 rn-N/rn2) after 74 days of ex-
posure . For the remaining 102 days of exposure , the G Ic value dropped
to 0.976 (in.-lb)/sq in. (170.9 rn-N/rn2) decrease of 1.3 percent for the
entire dura tion of exposure.

As the fib er content i ncreased , the specimens retained a greater
percentage of the i r ambien t G ic values for any given duration of ex-
posure . Figure 12 shows the effect of exposure time on the rate of Gj~va lues for the three fiber concentrations. A student ‘t ’ test was made
for the average G i~ to establish if there was a statistically significant
change in GIc for each succeeding increment of exposure . Table 3 shows
the results . If the absolute value of t calculated is greater than the
table t90 value , then GIc changed significantly from one exposure level
to another.
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Fi gure 12. Relative critical strain energy release rates.

For each fiber content , the polynomial least square curve fit for
the compliance function resulted in a fourth-order equation. These
equat ions  are :

1.0 percent fiber content

C = [663.6875(a/w)4-492.l875(a/w)3+l44.6875(a/w)~+0.244l]xl0
6 [Eq 7]

1 .5 percent fi ber content

C = [871 .75(a/w)4-644.75(a/w)3+162.3l25(a/w)2+0.6975]xl0 6 [Eq 8]

2.0 percent fiber content

C = [1634.8l25(a/w)4-1480.3125(a/w)3+391.75(a/w)2+0.0349]xlO ’6 [Eq 9]
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Table  3

Student ‘t ’  Test for Average G ic Values

1 Percent Fi ber

t*
Exposure G ic Std. Dev . Ca lculated t 9o~

0 0.540 0.064
3.98 1.77

74 0.388 0.015
-0.455 2.13

113 0.398 0.035
1.63 2.13

148 0.365 0.003
2.67 2.13

176 0.356 0.005

1.5 Percent Fiber

t
Exposure GIc Std . Dev. Calculated t ea

0 0.850 0.074
1.63 1.77

74 0.768 0.096
-0.28 2.13

113 0.786 0.057
1. 78 2.13

148 0.716 0.037
0.933 2.13

176 0.690 0.031

2 Percent Fiber

t
Exposure Gic Std . 0ev. Calculated t90

0 1.10 0.249
0 .342 1.77

74 1.042 0.327
0.294 2.1 3

113 0.986 0.044
-0.187 2.13

148 1.003 0.151
0.296 2.13

176 0.976 0.047

*If the absolute value of t calculated is greater than the table t90
value , then G i~ 

changed significantly from one exposure level to
another.
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Table 4 shows the compliance and load results for the control
specimens. The results of the curve fit are shown in Figures 13 , 14 ,
and 15 and in the computer printout in Appendix B.

For all fiber contents , P0 and Pp generall y decreased wi th i n-
creasing notch depth ratios. The critical strain energy release rates
for the control specimens (Table 5) remained relatively constant wi thin
each fiber content. Specimens with 1.0 percent fiber content and a/w
ratios in excess of 0.600 were the exceptions; values for these four
specimens were internally cons istent , but were 19 percent lower than the
results obtained for shallow notch depths. Throughout the fiber content
range , an increase in fiber content of 0.5 percent produced a correspond-
in g increase in Gic value of approximatel y 0.3 (in.-lb)/sq in. (5.25 m-
N/m2 ) .

Of the control specimens tested , four of the 48 data points ob-
tai ned were rejected because the cracks did not propagate perpendicular
to the plane of loading. The skewed cracks induced erroneous compliance
va lues  wh ich  were omitted from the data analysis.

The results of the compression cyl i nder tests (Table 6) were con-
s istent within each fiber content. The respective compressive stresses
at fai lure were 6070 , 5589, and 5932 psi (41 883 , 38 564 , and 40 931
kN/m2) for fiber contents of 1.0, 1.5 , and 2.0 percent.

Extremely good correlation between experimental and analytical
compliance values was maintained throughout the experiment. The magni-
tude of the first derivative of the experimental compliance curves and
the analytical relationsh ip of Eq 6 differ by a rnaxirnum of 5 percent
throu ghout the range of a/w values used (Figure 16).

The pH of the sa ltwater solution increased from 7.2 to 8.8 within
the first 4 hours of environmental exposure (Table 7). A gradual in-
crease in pH was noted during the next 37 days of exposure , unt i l
equilibrium was attaine d at a pH of roughl y 9.65. The conductiv ity of
the solution maintaine d a relatively constant value of approxirnatel y
48 000 ~imhos/cm

2. The temperature of the saltwater environment remaine d
between 69° and 76°F (210 and 24°C). Although a polyethylene sheet
covered the ent ire environmental tank , evaporation losses were observed
to be approximately 1.5 gal (5.7 9 )  of water per month .
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Tab le 4

Comp liance , Crac k Onset , and Ultimate
Loads of Control Specimens

1 ~~~~~ ~. ~)~~C
Spec In4n No - a /w C P

9
(Sq  in. / Ib )x10 6 lb lb
( [m /kNl.1 0 ‘) kq)  (kq)

4-30 -5 0.680 58.68 (8 .51) 5/0 (25 9) 6271 (/85)
3-10 -5 0,672 4/.83 (6 .94 ) 616 (219) 612 (305)
5- 10-5 0.664 49.20 (7 .1 3) 55 7 ( 2 53) 63 7 (289 )
1- 10 -5 0.640 39.71 (5.69) 600 (272) 727 (3 2 7)
6-10 -4  0 .5 63  30 .6 7 (4 . 44) 990 ( 44 9 )  1030 ( 4 6 7 )
2-7 0-4 0.555 24 .28 (3.52) 890 (404) 955 (433)
3-7 0-4 0.547 20.50 (2 .97) 1080 (490) 1230 (509)
1- 10-4 0.523 16 ,58 (2. 40) 1042 (473) 13 79 (598)
1—10-3 0.422 9,73 (1. 42) 7420 (644) 7540 (699)
/- 10-2 0.410 9 ,67 (1 , 40) 1670 (75 7) 1890 (857)
2-1 0-3 0.398 10 .13 (1 .47)  1460 (726) 640 (744)
6-10 - 3 0.398 8 , 97 (1 .3 0) 1450 (65 8) 1545 (70 1 )
7-10 -2 0.390 8,44 (1 ,22) 1850 (839) 1970 (871)
5- 10-3 0.387 1, 18 (1 .04 ) 1510 (685) 1 865 (8 46)
7-10-2 0.360 7 .53 ( 1 .09 ) 2230 ( 1 0 1 6 )  2260 (1025 )
7-10-2 0.330 6.64 (0.82) 1770 (803) 2370 (1076)

1.5 Percen t FIbe r

1— 75-5 0.688 59.90 (8 .69 ) 605 (21 4 ) 705 (320)
4-15 -5 0.66 32 .32 (4.69) 670 (304) 895 (406)
5-15-S 0.656 56 .60 (8.21) 800 (363) 890 (404)
6- 75- 5 0.656 48,14 (6 .98 ) 180 (354 ) 940 ( 426)
2- 15-4 0.531 18 .13 (2.63) 7010 (458) 1115 (506)
6 - 15 -4 0.523 18.62 2. 70) 1222 (554) 1892 (858 )
5- 15- 4 0.521 17 .39 2 .52 ) 1310 (594) 1535 (696)
3-1 5-4 0.521 17 , 47 (2.53) 1320 (599) 1850 (839)
3-15-3 0.450 9.90 (1 . 44) 1 500 (680) 1575 ( 11 4)
4- 75-3 0.438 8.69 (1 .26) 1 700 (771) 2775 (1259)
2-15-3 0.438 22.96 (3 .33) 1300 (590) 1420 (644)
/- 15 -? 0.435 9,271 (1.35) 1850 (7139) 27/5 259)
1- 1 5 - I  0.398 8.50 (7 .23) 560 (7071) 2380 10710)
1-75-2 0.380 6.96 (1 .01) 2400 (7089) 3550 1blO ~
1-15-2 0.380 8,00 ( 7 , 16) 2300 ( 1 043 ) 27 2 5 1 7 36 )
7-15-2 0.281 5.27 (0. 76) 2550 ( 1 7 5 7 ) 2800 2 70)

2. 0  ‘.‘~~, ret Fiber

6-20-5k 0.127 129 . 15 (18.73) 630 (286) 6/0 304’
4-20-5 0.680 63 ,3 1 (9. 78) 822 (373) unk .
3-20-5 0.672 62 .32 (9.04 ) 870 (395) 1066 (4714)
5-20-5 0.666 55 .10 (7 ,99) 890 (404) 1055 (4 7 91

20— 4 0 .551 22.08 (3.20) 1200 (544) 1444 (655)
7-20-4 0,531 1/ .01 (2.41) 1400 (635) 2256 1023
3-20-4 0,516 18. 13 (2.63) 1400 (635) 2010 (912)
7-20 -4 0 ,576 14 ,97 (2 . 17 )  7560 (708) 2225 (1009 ,~1-70-2 0 .512 16 . 14 ( 2 . 3 4 )  1750 194 ) 2600 ‘111 9 ~6-7(1-3 0.42? 13 12 (1 ,90 ) 2650 1202 ) 3070 ( (193)
i -lI-i 0,406 11 79 (7 .62) 2300 1043) 2660 ( 1 7 0 7 1
5-7 0-1 0.406 10.29 (1 . 49) 7510 7139) 77760
2 .0 - ) 0 . 191 8 .50 ( 1 .23) 7 100 553) 3325

0.387 10 ,35 (1 .46) 3550 161 0) 3850 (1146)
(- ‘0- 7 0 .313 6.14 (0.98) 3600 (7632) 3860 1/4 6)
7-20-2” - 23 .04 (3,34) 2358 (1066) 2/00 1775 )

•6r (ecte ~ ba sed on ph y si c a l ob servation . Crac k did not prop ag a te
perpendi cular t~ the plane of loading.

“Rejected bas ad on physic a l observation. N either crack i n i 1 i a l i o n
nor propagation was perp end icular to the plane of loading. The
a n q ie of crack inc i dence was so severe that a valid a/w ratio cou ld
not be ob ta Ined .
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Figure 13. Compliance curve fit for 1.0 percent fiber content.
SI convers i on factor: 1 sq i n ./lb = 0 . 1 4  m 2/ kN .
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Fi gure 14. Compliance curve for for 1.5 percent fiber content.
SI conversion factor: 1 sq in./1 b 0.14 m 2/kN .
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Figure 15. Compliance curve fit for 2.0 percent fiber ~ontent.
SI conversion factor : 1 sq in./ lb = 0.14 rn /kN .
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Table 5

Crit ical  Strain Energy
Release Rate of Control Specimens

1.0 Percent Fiber

a/w PQ 51c
lb (in. —lb)/sq in. lb (in .—l b~/sq in.
(kg) (rn-N /rn2) (kg) rn-N/rn

0.680 570 (259) 0.443 (77.6) 628 (285) 0.538 (94.2)
0.672 616 (279) 0.495 (86.7) 672 (305) 0.589 (103.2)
0.664 557 (253) 0.386 (67.6) 637 (289) 0.505 (88.4)
0.640 600 (272) 0.389 (68.1) 721 (327) 0.562 (98.4)
0.563 990 (449) 0.645 (113.0) 103C- (467) 0.698 (122.2)
0.555 890 (404) 0.525 (91.9) 955 (433) 0.604 (105.8)
0.547 980 (445) 0.566 (99.1) 1230 (509) 0.891 (156.0)
0.523 1042 (473) 0.539 (94.4) 1319 (598) 0.863 (151.1)
0.422 1460 (726) 0.490 (85.8) 1540 (699) 0.545 (95.4)
0.410 1670 (757) 0.584 (102.3) 1890 (857) 0.748 (131.0)
0.398 1 580 (717) 0.477 (83.5) 1640 (744) 0.514 (90.0)
0.398 1500 (680) 0.430 (75.3) 1545 (701) 0.456 (78.8)
0.390 1850 (839) 0.616 (107.9) 1920 (871) 0.633 (110.9)
0.387 1780 (807) 0.557 (97.5) 1865 (846) 0.612 (107.2)
0.360 2230 (1016) 0.597 (104.6) 2260 (1025) 0.741 (129.8)
0.330 1770 (803) 0.376 (65.8) 2370 (1075) 0.675 (118.2)

1.5 Percent Fiber

0.688 690 (313) 0.826 (144.7) 795 (361) 1.097 (192.1)
0.656 800 (363) 0.914 (160.1) 890 (404) 1.131 (198.3)
0.656 780 (354) 0.869 (152.2) 940 (426) 1.262 (221.0)
0.531 1170 (531) 0.839 (146.9) 1315 (596) 1.200 (210.2)
0.523 1 222 (554) 0.812 (142.2) 1 892 (858) 1 .947 (341.0)
0.521 1310 (594) 0.918 (160.8) 1535 (696) 1.260 (220.7)
0.521 1320 (599) 0.932 (163.2) 1850 (839) 1.830 (320.5)
0.450 1 600 (726) 0.720 (126.1) 1975 (896) 1.097 (192.1)
0.438 1700 (771) 0.723 (126.6) 2775 (1259 ) 1.925 (337. 1)
0.435 1 850 (839) 0.831 (145.5) 2775 (1259) 1.))69 (327.3)
0.398 1560 (708) 0.406 (71.1) 2380 (1080) 0.946 (165 .7)
0.380 2400 (1089) 0.801 (140.4) 3550 (1610) 1.753 (306.5)
0.380 2300 (1043) 0.736 (128.9) 2725 (1236) 1.033 (180.9)
0.281 2550 (1157) 0.425 (74.4) 2800 (1270) 0.512 (89.7)

2.0 Percent Fiber

0.680 822 (373) 1 .415 (247.8) unk. unk.
0.672 870 (395) 1 .496 (262.0) 1066 (484) 2.247 (393.5)
0.656 890 (404) 1 .390 (243.4) 1055 (479) 1.954 (342.2)
0.551 1200 (544) 0.996 (174 .4) 1444 (655) 1.442 (252.5)
0.531 1400 (635) 1 .092 (191.2) 2256 (1023) 2.836 (496.7)
0.516 1 500 (680) 1 .055 (184.8) 2010 (912) 1.894 (331.7)
0.516 1 560 (708) 1 .141 (199.8) 2225 (1009) 2.321 (387.0)
0.512 1750 (1794) 1 .369 (239.8) 2600 (1179) 3.021 (529.1)
0.422 2650 (1202) 0.857 (150.1) 3070 (1393) 1.151 (201.6)
0.406 3000 ( 1361) 0 .838 (146.8) 3450 (1565) 1.108 ( 194.0)
0 .406 3050 (1383) 0 .866 (151.7)  3420 (155 1 ) 1.089 ( ( 9 0 . 7 )
0.391 3160 (1524) 0.817 (143.1) 3680 (1669) 0.97(0 (171. 6)
0.387 3550 (1610) 0.855 ( 1 4 9 . 1 )  3850 (1746) 1.005 (176.0)
0.313 3660 (1632) 0.577 (101.1) 3850 (1746) 0.659 (115.4)
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Tab le 6

Compressive Strength Cy l inde r s

1.0 Percent Fiber

Cylinder Stress at Failure , psi (kN/m 2)

1-10 6047 (41 724)
2— 10 6132 (42 311)
3-10 5913 (40 800)
4-10 6115 (42 194)
5-10 6330 (43 677)
6-10 5535 (38 192)
7-10 6415 (44 264)

Average maximum compress ive stress: 6070 psi (41 883 kN/m 2 )
Coeffi c ient of variation: 4.78 percent

1.5 Percent Fiber

Cyl inder  Stress at Failure , psi (kN/m 2)

1- 15 6062 (41 828)
2—15 5305 (36 605)
3—15 5955 (41 090)
4—15 5747 (39 654)
5— 15 5199 (35 873)
6—15 5269 (36 356 )
7—15 5588 (38 557)

Average maximum compressive stress: 5589 psi (38 564 kN/m 2)
Coeffic ient of variation : 6.19 percent

2.0 Percent Fiber

Cylinder Stress at Failure , psi (kN/m 2)

1 -20 6030 (41 607)
2-2 0 5711 (39 406 )
3-20 6030 (41 607 )
4-20 - -  6260 (43 194)
5-20 5404 (37 288 )
6-20 616 1 (42 511)
7—20 5641 (38 923) - ‘

Average maximum compressive stress: 5932 psi (40 931 kN/m 2)
Coefficient of variation: 5.36 percent
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Fi gure 16. Theoretical compliance curve [Eq 6] and compliance
curve fit for 1.0 [Eq 7], 1.5 [Eq 8], and 2.0
[Eq 9] percent fiber content. SI conversion factor:
1 sq in./lb = 0.14 m2/kN.
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Tab le 7

Propert ies of Art i f ic ia l
Sa l twater Env iron ment

Days pH Conductivity Salt Temperature
~imhos/cm

2 Content °F (°C)

0.0 7.20 54 350 4.00 70 (21 )
0.2 8.80 52 990 unk. 70 (21 )
1 .0 8.80 52 990 unk  71 (22)
1.5 8.53 54 450 unk . 71 (22 )
3.0 8.85 47 560 unk. 72 (22)
14 8.96 48 970 3.81 70 (21)
23 9.18 47 100 4.04 71 (22)
38 9.65 48 780 4.06 69 (21)
48 9.70 51 060 4.08 71 (22)
62 9.64 49 140 4.14 70 (21 )
74 9.65 48 220 4.14 71 (22)
80 9.64 47 560 4.14 72 (22)
102 9.65 47 840 4.04 73 (23)
113 9.64 47 640 4.02 72 (22)
130 9.62 47 330 4.00 72 (22)
148 9.66 46 880 4.02 72 (22)
152* 7.30 48 930 3.91 76 (24)
161 8.80 48 530 4.06 72 (22)
176 8.83 47 800 4.04 71 (22)

*Occurrence of an accidental drainage required the replenishment of the
entire environmental system. This accounts for the discrepancies in
subs equent pH and temperature values.
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4 DISCUSSION OF TEST RESULTS

The G1ç values for both the control and environmental specimens
increased wlth increasing f iber contents . Thus , for any given ex posure
i nterval , it is expected that the concrete wi th the greater percentage
of steel fibers will require a larger strain energy release rate for
crack propagation.

A comparison of the 1.5 and 2.0 percent fiber content specimens
showed that the 2.0 percent specimens require d a 20 percent increase i n
the strain energy release rate for crack propagati on . Fig ure 12 shows
that increasing the percentage of steel fibers in the specimens in-
creases the relative strength of the concrete for any given i nterval of
exposure to the adverse env i ronment. Thus , the hi gher the fi ber concen-
trat i on i n the concrete, the less it is affected by exposure to the
adverse environment.

The trend of all three curves in Fi gure 12 is toward a decreasing
slope with increasing time of exposure . It would be both interesting
and benefic ial to carry out the experiment for a longer duration, 1 year
for example , to determine whether the decreasin g slo pe trend continues
or whether the rela tive GIc values asymptotically approach some minimum
value. Significant benefi ts of an even longer test duration would be to
determine whether the chan ge in pH of the concrete had any effect on its
resistance to the saltwater envir onment.

The control specimen testin g program i ndica ted that the chan ge i n
fiber content had l ittle effect on the compliance curves or their fi rst
deri va ti ves . This was also true for the range of a/w ratios used
throughout the environmental testing process. Thus , only one fib er
content need be tested to determine a compliance curve . Also , the
excel lent agreement with the theoretical compliance relationship woul d
probably eliminate the need for an experimentally determined curve . A
reduct i on in the num ber of samples and hence the quant i ty of ma teri als
require d , and the facilitation of the testing process itself would more
than compensate for the slight reduction in accuracy .

It was found that no more than one compl i ance data poi nt coul d be
generated from each control specimen . The attempts to genera te mul tip le
data points from a single specimen produced extremely erratic and in-
conclus ive results. The exact cause of this behavior in the control
specimens i s unknown . Other i nvest i gations usin g a centrally notched
beam of pla i n mortar have been able to load and unload the specimens
severa l times .25 ’26 A partial explanation may be that the fi rst

~5J. H. Brown , “The Failure of Glass-Fiber-Reinforced Notched Beanis in
Flexure ,” z~iz ~”ine of Concrete Research , Vol 25 . No. 82 (March 1973 ) ,
p 31.2

~J. H . Brown , “Measuring the Fracture Toughness of Cement Paste and
Mortar ,” .-V~z -~ ‘.‘Jne of Concrete Research~ Vol 24, No . 81 (December 1972),
p 185 .
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maximum loading causes significant amounts of debonding between fibers
and mortar ahead of the crack , analogous to the plastic enclave devel-
oped at the tip of a crack in metal . If this were the case , then the
methy l red dye probably would not penetrate and define the true length
of the new crack. The shape of the load-deflection curve on the auto-
graphic recorder appeared normal; therefore , the difficulty was probably
with determi nation of the crack leng th.

The increase in pH of the solution in dicated that a reaction was
takin g place between the saltwater and the fibrous concrete . The pH
increase was to be expected , since fresh concre te has a pH of app rox i-
mately 10 to 12 .27 Additional indication of a reaction between the
saltwater and the fibrous concrete was the corrosi on of the steel fibers
in the environmenta l specimens. With the exception of the specimens ex-
posed for 74 days , a l l  the environmenta l specimens showed visible evi-
dence of corrosive action. The fibers exposed to the flowing saltwa ter
by the mechan ical cracking had rust and corrosion vkible through a
hand-held magnifying glass.

The lowe r fiber content control specimens did not have a si gnifi-
cant region of stabl e crack growth for the l ower a/w ratios. The values
of PQ for the 1.0 percent f iber and shallow notch depth for the control
specimens exceeded 90 percent of the corresponding Pp va lues. By
comparison , similar ratios with 1.5 and 2.0 percent fiber yielded values
of 80 and 82 percent, respectively. The specimens wi th 1.0 percent
fiber also appeared to encounter an upper limit for a /w , whereas the
higher fiber content demonstrated no such limi t throughout the range of
notch ratios tested . The consistently low Gi~ values obtained for the
1 .0 percent fiber specimens with high notch depths (a/w > 0.60) were
not observed for the specimens containing a greater percentage of steel
fibers.

After 150 days of exposure , an accidental drainage depleted the
entire environmenta l system . The system was replenished within 24
hours . It can be assumed that this drainage had a minima l effect on
the outcome of the experiment because the values of the remaining
specimens followed the trends established by the previously tested
environmenta l specimens (Figure 12).

‘T7T~ B i cz o k ,  Concrete Corrosion and Concrete Pro~~? .’tion (Chemica l
Pu blishing Co., 1967), p 243.
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5 POTENTIAL STRUCTURAL APPLICATIONS

Fracture mechanics allows the determination of a crack size , such
as the length or depth of a crack , in a structura l element tha t will
grow or propagate for a given stress field. Alternatively, for a g iven
size of crack , the stress to cause growth or propagation can be evalu-
ated .

The ex perimentally determine d values of G ic i n this study are
related to the stress intensity factor K 1 by Eq 10.

K 2
G Ic 

= 
~
_

~~
__ [Eq 10]

The K1 equations for a wide variety of crack and stress field configura-
tions are availabl e in the technical literature and handbooks. 2 8

As an example , consi der a crack of dep th a in a beam or sla b of
total depth b subjec ted to a pure bend ing moment as shown in Fi gure 1 7.

Assume

a = 1 in. (25.4 mm)
b = 4 in. (101.6 mm)
E = 3xl O6 psi (20.7 x 10 6 kN /m 2 )

G ic 
= 0.85 (in. —lb ) /sq in. (148.9 m-N/rn2) ambient (lab) conditions
= 0.79 (in. - lb)/ sq in. (138.4 rn-N/rn2) 176 days exposure toc fl owin g saltwa ter

Ta da , Paris , and Irwin give K1 in the opening mode as

K1 = ~~/T~~~ F (a/ b) [Eq 11]

where c = maximum flexure stress

a = depth of crack

b = total depth of beam or slab

F(a/ b) = correction for finite boundary .

From Tada , Paris , and Irwi n,

F(a/b) = 1 .05

Therefore o = 901 psi (6217 kN/m2) ambient (lab) conditions
a = 827 psi ( 5706 kN /m 2 ) saltwater exposure .

2
~H. Tada , P. Paris , and G. Irwin , ~~ ~‘~ res~ ~~~~~~ . ‘(Z( S ‘K

( Del Research Corporat ion , 1973).
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Fi gure 17. Strength analysis of crack member i n bend i ng.

Us ing the G Ic values 0.85 for ambient laboratory conditions and
0.79 for the saltwater exposure as determ i ned from the data in this
report , an estimate of the maximum flexure stress can be made for given
crack size a , slab depth b , and Youn g ’s Modulus of the concrete . An a
of 1 in. (25A mm), b of 4 in. (101.6 imi) , and E of 3xl0~ psi (20.7 x106 kJ /m2) give flexural stress of 901 psi (6217 kN/ m 2 )  for am b ien t
conditions and 827 psi (5706 kN/m2) for sal twater exposure . The flex-
ural stress will proba bly be somewhat l ower since the test data indi-
cate that the G ic was continuin g to decrease rela tive to t ime . However ,
the values for the flexural stress are reasonable when compared to
flexura l stresses of 1 000 to 1 200 psi (6900 to 8280 kN/ m 2 ) for beams
tested in fl exure .

The loa d-carrying capacity of a cracked steel-fiber -reinforced
concrete structura l element (such as a sla b or beam) subject to salt-
water is reduced , but the ca lculations show that there is still signifi-
cant flexural stren gth remainin g at reduce d loa ds . T hus , the strength
can be estimated ; this estimate can be used to decide whether to con-
tinue to use the structure at a reduced load , repair it , or replace it.

39



6 CONCLUSIONS AND RECOMMENDATIONS

For the three fiber contents of 1.0 , 1.5 , and 2.0 percent by
volume of concrete , the critical strain energy release rate decreased
at a decreasing rate in exposure to fl owing saltwater. However , an
a symptotic value , i f  it exists , would require longer exposure .

The 2.0 percent fiber content specimens were least affected by the
adverse environment. After 176 days of exposure , the GIc value for
these specimens was 89 percent of the average ambient value , while
values for 1.5 and 1.0 percent fiber content specimens were 81 and 66
percent , respec t i vely.

The increase in pH of saltwater solution indicated a reaction
between the saltwater and the concrete matrix , while evidence of rust on
the fibers indicated a reaction between the fl owing saltwater and the
steel fibers.

Increasing the steel fiber concentration did not significantly
alter the compliance values of the modified WOL specimens for the three
fiber contents investigated . Furthermore , the first derivatives of the
experimenta l compliance curves for the fiber contents involved demon-
strated excellent correlation with the theoretical values obtained from
collocation of a stress function.

The G i~ values determi ned in this report can be used to estimate
the fl exural strength of steel-fi ber-reinforced concrete structural
elements

The resul ts of this study indicate the need for the following addi-
tional research:

1. Increase the tota l duration of exposure to 3 years to determine
whether the strength of the fibrous concrete asymptotically app roaches
some lower limit. The longer test would also help determine the effects
of the adverse environment on the natural pH change of the concrete .

2. Al ter the corrosive environment by adding a buffer to the
saltwater solution; doing so would tend to maintain the pH of the
soluti on at a lower level .

3. Perform the entire experiment with only one fi ber content , but
with a sufficient number of environmental specimens to develop a com-
pliance relationshi p among those specimens exposed to the saltwater.

4. Use smaller size specimens to further reduce the size of the
environmenta l tank and facilitate the handling of specimens.

5. Test the effect of the adverse environment on concrete of
different strengths to determine if the deleterious effect of the flowing
saltwater is a function of the strength of the concrete .
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APPENDIX A:
FRACTURE MECHANICS THEORY

Fracture mechanics concepts for explaining the failure of brittle
materials were pioneered tn 192 1 by A. A. Griffith ,2 9  who showed tha t a
material failure could be descri bed by relating the existence of minute
flaws in a material to an energy condition necessary for crack propaga-
tion. Considering W as the reduction in stored elastic energy due to
the presence of a crack in a fixed grip system , and U as the energy of
the crack surface , a crack of radius a will propagate if

~ ~W-U) = 0 [Eq Al ]

Simply sta ted , a crack wi ll propagate in a material if the elastic
energy release rate is equal to the irrecoverable work required to
create an area of crack surface.

Applying Eq Al to a homogeneous plate of unit thickness subjected
to a tensile stress field a and containing a central through the thick-
ness crack of length 2a perpendicular to the stress field 30 gives

w ira
2
a
2 [Eq A2]

E

and U = 4Ta [Eq A3 J

where I = the specific surface energy of the crack

E = the modulus of elasticity .

For a crack to propagate , the following condition must apply:

~~~ (
7~Y a 

~ 
- 4Ta) = 0 [Eq A4a]

or
2

ricY a 
= 41 [Eq A4b]

Eq A4b can be solved for the applied tensile stress necessary for crack
propagation :

0 =  (
~~—) [Eq A5]

7’A A. Griffith , “Phenomena of Rupture and Flow in Solids ,” Phi losophica?
Transactions , Vol 221, No. A587 ( Royal Society of London , 1921), p 163.

30J. P. Romualdi and G. B. Batson , “Mechanics of Crack Arrest in Con-
crete ,” Journa l of the Eng ineering Mechanics Division, Proceedin gs of
the American Society of Civil Engineers, Vol 89 , No. EM3 (June 1963) ,
p 147.
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It has been an accepted procedure in fracture mechanics to denote the
left side of Eq A4b by G , the elastic energy release rate , and the
right side by Gc, the work rate to extend the crack. G is a function
of the geometry of the specimen and the loading , w h i l e  G~ is a material
constant. 3’ A crack will propagate in a material provided that

G � G
~~
=4T [Eq A6]

If , however , G is less than the critical value , Gc~ 
crack propagation

will not occur.

In 1960 , G. R. Irwin ’2 related the G value to another parameter ,
which he termed the stress intensity factor , K, in the following manner:

2
G = 

~
—. (for plane stress) [Eq A7a]

K2 2G = f— ( 1 -v ) (for plane strain) [Eq A7b]

where v = Poisson ’ s ratio.

The stress intensity factor , K , relates the stress in the vicinity
of the crack tip to the geometry of a crack or flaw , usually the length
or radius of the fl aw.

The stress intensity factor has great va lue in fracture mechanics
analysis because the total stress intensity factor can be determined by
the superposition of the K values for each individual stress field.

In suninary, the minute fl aws of many brittl e materials , when sub-
jected to a stress field of sufficient magnitude , become the locus of a
crack propagating through the material . This situation can be remedied
by reducing the dimensions of the inherent material fl aws or by inhibi t-
ing their growth by physical means. The physical inhibitors used in
this study were discrete steel fi bers added directly to the concrete mix.

3- ’ Romualdi and Batson , p 147.
32 G R. Irwi n and J. A. Kies , “Critical Energy Rate Analysis of Fracture

Strength ,” Welding Journa l, Vol 33 (April 1954), p 193s.
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APPENDIX B:
CURVE FIT DERIVATION AND COMPUTER PROGRAM

Curve Fit Derivation

Fitting a curve through a set of data subj ect to the condition that
the first derivative of the equation of the curve is zero at the point
(0 ,0) involves elimination of the linear term from the equation of the
curve .

Consi der C1 through Cm to be m values of a dependent variable cor-
responding to in values of an independent variable x. A curve of the
nth order in x is to be fit through these points by a polynomial least
square curve fit. Lettin g a0 through an be the coefficients of the n

th
order curve gives

a0 + a2x 1
2 + a 3x 1

3 
+ ... + anxl

n 
=

a0 + a 2x 2
2 + a 3x2

3 
+... + anx2

n 
= C2 [Eq Bl]

a0 + a2xm
2 + a3xm

3 
+... + anxm

n 
= Cm

The absence of an a1x term from the equations insures the lack of
a linear term in the resultin g curve.

Expressing the above equations in matrix form results in the
following:

2 3 n~ — — — —
l x 1 x1 ... x 1 a0 C1

2 3 nl x 2 x2 ... x2 a2 C2

: : a 3 = C 3 [Eq B2]

1 x 2 x 3 x~~ a C_ m in m _ _ n _ _ m _

or
X A =  C [Eq B3]
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where X is of order m x n (not necessarily square) , A is of order n x 1 ,
and C is of order in x 1.

Inver ting the X matrix will generally not be possible. This does
not , however , preclude obtaining the coefficient matrix , A , after a few
basic matrix manipulations. First , both sides of the equation are
premultipl ied by the transpose of the X matrix , giving

XT XA XTC [Eq 84 ]

The xTc matrix (designated C) is of order n x 1 , and xTx (designated
~

) i s  of order n x n and invertible. Solving for the coefficient matrix
A gives

X A = C  [Eq B5]

(X )~~XA = ( R )~~C [Eq B6]

A = (g)~~~ [Eq B7]

The resulting A matrix ~il1 be the polynomial least square coeffi-
cients for a curve of the nt(I order with first power term eliminated and
the coefficients arranged in order of increasing powers of the independent
variables.

Curve Fit Program

The following program , written by John K. Obzsarski of Clarkson
Colle ge of Technology , is designed to provide a polynomial least square
curve fit of the input data . The program was designed for the IBM 380
digital computer model 44 at Clarkson College of Technology in Potsdam ,
NY.

The program is capabl e of fitting a curve of up to tenth order
through no more than 30 pieces of data . If there are more than 30 data
points , or if a curve fit of greater than tenth order is desired ,
alteration of the dimension statements in the main program will be the
only changes necessary.

The program will fit a curve from second order to the maximum order
specified in the input data . A table of residuals and error analysis is
printed for each order polynomial.

The program has been designed so that the linear term of each
polynomial has been forced to zero , thus providing a zero slope at the
point (0.0).

The input data must be arranged in the following order:
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Card 1:

Columns 1-4 The number of data points to be
evaluated (integer).

Columns 5-8 The highest order polynomial (up to
tenth) for which a curve fit is
desired (integer).

Col umns 9-15 . . . . T he fi ber content of the specimens
evaluated (real).

Ca rd 2:

Columns 1 —20 . . . . The type of spec imen involved (alpha-
numeric)

The remainder of the cards contain the data points through which a
curve is to be fit.

Columns 1-10 . . . . The independent variable , a/w (real)

Columns 11-20 . . . . The dependent variable , compliance (real)

All integer inputs must be right-justified .

The subroutines interna l to this program , which are conta i ned
in the printou t on pages 46 to 52 , are a data sorting and arrangin g
routine called SORT. The polynomial least square curve fi tting routine --
POLSC , and a matrix inversion routine called MINV .

There are no subroutines external to this program.
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DIMENS ION CLSC(30) ,DIFF (30).COINC(31),COEFF ( 101
DIMENSION JJ (60)
DIMENSION TYPE (S)
IN TEGER POLYC. CRDER .OPI
COM M O N  D.OT

1 F O RM A T ( 2 1 4.FE .2)
2 FCFMAT(2F 10.A )
3
4 FcRMA T( 5A4)
5 F ORM A T (’  P O L Y N O M I A L  LEAST SQUARE cuRvE FIT:’ .F6.2.’ PERCE NT FIBER.
I’/ ,18X. ’TYPE CF SFE C IM EN ‘.5A4// )

~ FCRMAT( ’ A N A L Y S I S  FOR POLY N C M L A L  cF CROER ’.I3. ’ FOLLCW5:’////)
7 FORM AT (’ NUMBER OF OB SERvATIONS :’ ,14//)
8 FOR W A T ( ’  NOTE: THE COEFFICIENT OF THE FIRST PO WE R TERM HAS BEEN ’/
1’ FORCED TO ZERC IN ORDER TC PROVIDE A FIRST D E R I V A T I V E  OF O.O’/
2.’ AT THE PCIF ~T (O.O). ’// )

9 FORMA T ( THE FOLLOW IN G  COEFFICIENTS ARE ARRANGED IN CROER ’ /
1,’ OF INCREASIN G POWERS OF THE INDEPENDENT VAR I ABLE’//)

10 FORMAT (’ ‘,FIO. a)
11 FO R M A T ( ’O ’ ,33X , ’ TABLE OF RES IDUALS ’////

1.5X .’ OB S ERV A T I C N’. 7X.’A/W ’ .11X, ’CONPL I ANCE’ ,1Ox , ’COMPLI A N c E ’ , 12 X
2. ‘RESIDUAL’/
3.40X . ‘ACTUAL ’ .1 3X .’C tJR VE FIT ’//)

12 FO RM A T ( I12 , F16.~~.F1S.2 .F2O.2 .F2O.2)
13 FO R M A T (•O’ ,’ THE SUM OF THE SQ UARE OF THE RESIDUALS IS’ ,F 1O.4/

1.’ THE NUMBER CF DEGREES OF FREEOCM CF THE PCLYNOM IAL IS’.1 3)
.14 F QRM A T ( ’ O ’ ,’ THE DEGREE OF FREEDOM OF THE CURVE IS ZERO. ’,

I. ’ A HIGHER CR QE R  C URV E  CANN OT BE FIT THRO UGH ’/
2.’ THE EXI S T I N G  DATA. ’)

15 FOR M A T ( ’ O ’ ,’ THE Q U A N T I T Y  OF DATA IS INSUF F IC IEN T ’/
1. ’ TO A C C O M C C A T E  A CURV ~ OF T HE ORDER SPECIFIED. ’)

16 F OR M A T (~ THE GRCSS ERRCR OF E S T I M A T E  IS’ .F12 .4)
17 FORMAT (’ ‘ , ‘ * *S* ** ** ** ** * *** * * * * ** ** * * ** ** * * ** * ’ ~~~~ )
18 FO R M A T (’  ‘ .‘ THE M A T R I X  TO BE INVERTED ’/

1’ IS SINGULAR. THE RE SULTAN T’/
2’ VAL UES ARE IN ERROR AND THEREFORE ’/
3’ REJECTEO. ’// )

C
C ALL OF THE DATA IS FED INTO THE COMPUTER.
C
100 0 CONT I NUE

RE AD C 1. 1. E NC =999 ) MOP .PCLYC . PFBR
READ( 1.4)( T Y P E  ( 1 )  .1 1, 5)
CO 20 I 1.ND P
R EA D C 1.2) A I (I) , CON P ( I)

20 CON T I N U E
C
C THE DA T A  ARE SORTED BY M A G N I T U D E
C OF THE I NDEP ENCENT V A R I A B L E ,  HIGHEST BEING FIRST.
C

CALL SORT (NDP ,A ~~.COMP)
C
C A C U R V E  FIT CF THE D ATA
C IS NOW IN IT IA T E C .  C U R V E S  ARE FIT
C FPCN SECOND CR OC-R TO THE H IGHEST
C CROER SPECIFIED IN T HE DATA INPUT .
C

DC 30 ORDEP~~2 .POLYO
NCCF ND P—ORO ER— I
DOF NDOF

_ _



IFCD QF) 210.65.65
65 CONT I NUE

NP2 1 CRDER+2 I
C
C A POLYNOMIAL LEAST SQUARE FIT OF THE DATA
C IS ACCCM PL ISHED BY MEANS OF THE FOLLOWING
C SUBROUTINE.

CALL POLS O (AW ,CCMP .ORDER .ND P .COEFF ,CLSO,AW P .AW C .AW S ,JJ ,NP2L)
C
C AFTER A P O L YNOMIAL HAS BEEN FIT
C TO THE CATA . THE ERROR OF EST iM A T E  IS COMPUTED.
C

SUM SO O.
DC 140 I 1 ,NDP
D I F F (I ) CO M P ( I) — C L SQ ( t )

1 40 S (JMSQ SUP SQ+ (CIFF (l)**21
WR I T E ( 3. 3)
WRITE C 3, 5) PFER , C TYPE ( I) • 1=1.5 )
WR ITEC 3 ,6)ORCE~

C
C IF THE DETERMINATE OF THE
C INVERTED M A T R I X  IS ZERO. ALL VALUES
C ARE REJECTED AS ERRONEOUS .
C

IF (D) 130,220,130
220 CONTINUE

WR ITE (3 ,17)
• W R ITE (3 .18)

W R IT E (3, 17)
ORCER POLYO
GC TO 30

130 CONTINUE
W R IT E (3 ,7)NDP
CO INC (1 ) COEFF (1 )
CCINC (2) O.0
00 150 1 2 ,CRDER
1P 1 I + 1

150 CC INC (IP I) C C E F F (I )
W R I T E  ( 3,6)
OP 1’O RD E R + 1
W R I T E (3,9)
W R I T E  (3 , 10 )  (COINC (I) . 1 1.OP1)
WRITE C 3’ 11 )
CO 160 I 1.NOP

160 *R ITE (3. 12 )I.AW (I ) ,COMP ( I).CLSQ ( I),D IFF (I)
IF (DOF .EQ . O.0) GC TO 200
GROSE SUMSO/OOF
WRI TE( 3 .13 )SUM SC,N DO F
Wi R I TEC 3. 16)GRCSE
GO TO 30

200 W PITE (3.14) =
W R I T E (3 ,13 ) S U MS C ,NDOF
ORDER POLYO
GO TO 30

210 W R ITE (3,15)
ORDER P C L Y O

30 CONTINUE
GO TO 1000

699 STOP
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END
SUBROUTINE POLSG (AW,COMP .NROER ,NDP,COEFF .CLSQ ,A IP .AUC .A*S .JJ .NP2 I)
DIM E N S IO N  A W P (NCP.NROER) ,AW C(NRDER) ,AWS (NROER,NRDER )
DIMENSION CLSQ (NDP) ,AW CNDP ).COMP(NDP) ,COEFF(NRDER)
DIMENSION J J C N P 2 1 )
INTEGER ORDER
COMMON D.DT
ORDER NRDER

CR0 ER
DC 40 1 1.NCP

40 AW P( I .1 ) 1.
DO 50 1 1,NDP

50 A W P C I , N ) C A W C I )  )**N
DO 70 1 1.OROER
DO 70 J 1.ORDER

70 AWS (I.J) 0.
DC 80 1 1 . QRCER
DO 80 J=1 ,ORDER
DO 80 K 1.NOP

80 AWS (I,J) AWS (I.J)+(AWPCK .J) *AW P (K . I))
DO 100 I 1 ,CRDEP
A W C ( I ) 0.
CO 100 .1 1.NDP

100 A W C C I  ) AW C (I)+(COMPCJ )*AWP(J . I))
CALL M IN V ( A W S . N RD E R  ,NP2L .DT ,D ,JJ )
CO 130 I= 1.ORDEP
CCEFF (I) 0.
DO 110 J 1,CRDER

110 COEFFCI ) COEFF( I)+(AW SCI.J )*AWC (J) )
• DO 130 I 1,NDP

CLSO ( I )0 .
DO 130 J 1,ORDER

130 CL$O(I) CLSQ (I)4(AWP (I,J)*COEFFCJ))
RETURN
END
SUBROUTINE SORTCNDP ,AW .COMP)
DIMENSION AWCN D P) ,COMP C NDP )
NDPW1 NOP—1
00 30 1 1.NO PM1
IP 1= 1+ 1
CC 30 J=IP I .NCP
I F C A W C I ) .GE.AW( J)) GO TO 30
R AW ( J)
R 1 =CON PCJ)
A W C J ) *W (I )
COM P C J )=COMP (1)
A W C  £ ) R
COM PC E )=R1

30 CCN T INUE
RETURN
END
SUBROUTINE M IMV(C .N.NEXP . DTNRM . DETM.JJ )
D I M E N S I O N  C CN . N ).JJCNEXP)
P0= 1.
CO 124 L 1,N
00=0.
00 223 K 1,N

123 00 0D+C (L.K)*C (L ,K)
OOaOO** .5

124 PD PD*D0
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DETM 1.
DC 125 L 1.N

125 JJ (L+20) L
DO 144 L 1.N
CC=0.
Id=L
00 135 K L ,N
IF ((ABS(CC)-ABS(C(L,K))).GE .0.) GO TO 135

126 M = K
C C C  CL ,  K )

135 C O N T I N U E
127 IFCL .EQ.H ) GO TO 138
128 K JJ (M+2 0)

JJC M +20> JJ (L+20)
JJ (L+20)=K
00 137 K 1 .N
5 C(K,L )
C(K ,L ) C(K ,M)

137 C (K.M ) S
138 C(L ,L ) 1 .

DE TM =DE I M * CC
DO 139 M 1.N

130 C(L .M) C(L ,M)ICC
DO 142 M 1 , N
IFCL.EO.M ) GO TC 142

12 9 CC C(M, L)
IFCCC.EO.O.) GO TO 142

130 C (M ,L) 0.
CO 1 41 K 1 , N

141 C ( M , K ) C (M.K )—CC*C(L,K)
142 C O N T I N U E
144 C O N T I N U E

DC 1 43 L 1 ,N
IF (JJ(L+20).EO .L) GO TO 143

13 1 M=L
132 M =M + 1

IF C J J ( M+ 2 0 ).EC.L) GO TO 133
136 IF (N.GT .M ) GO TO 132
1 33 JJ (14+20 ) J J  (L+2C)

DC 1 63 K 1 ,N
CC C C L , K)
CCL ,K ) C (M ,K)

163 C CM ,K )C C
JJ (L+20 ) L

143 C O N T I N U E
OETM =ABS (DE TM)
DTNRM DETM ~~PC
RETURN
END
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POLYNOMIAL LEAST SQUARE CURV E FIT: 1.00 PERCENT FIBER.
TYPE OF SPECIMEN : COMPLIANCE

A NAL YSIS FOR POLYNOM IAL OF ORDER 4 FOL LOWS :

NUMBER OF OBSERVATIONS: 17

NOTE : THE COEFFICIENT OF THE FIRST POWER TERM HAS BEEN
FORCED TO ZERO IN ORDER TO PROVIDE A FIRST DERIVATIVE OF 0.0
AT THE POI NT (0 ,0).

THE FOLLOWING COEFFICIENTS ARE ARRANGED IN ORDER
OF INC REAS ING POWERS OF THE IND EP END ENT VA R IABLE

0.2441
0.0

144.6875
-492.1875
663.6875

TABLE OF RESIDUALS

OBS ERVATION A/W COMPLIANCE COMPLIANCE RESIDUAL
ACTUAL CURVE FIT

1 0.680 58.68 54 .29 4.39
2 0.672 47 .83 51.57 -3.74
3 0.664 49.20 48.96 0.24
4 0.640 39.27 41.83 -2.56
5 0. 563 30.61 24.95 5.66
6 0.555 24 .28 23.64 0.64
7 0. 547 20.50 22.40 -1.90
8 0. 523 16.58 19.07 -2.49
9 0.422 9.73 10.07 -0.34
10 0.410 9.67 9.40 0.27
11 0.398 8.97 8.79 0.18
12 0.398 10.13 8.79 1.34
13 0.390 8.44 8.41 0.03
14 0.387 7.18 8.27 -1.10
15 0.360 7.53 7.18 0.35
16 0.330 5.64 6.18 -0.54
17 0.0 0.33 0.24 0.09

THE SUM OF THE SQUARE OF THE RESIDUALS IS 85.6738
THE NUMBER OF DEGREES OF FREEDOM OF THE POLYNOMIAL IS 12
THE GROSS ERROR OF ESTIMATE IS 7.1395
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POLYNOMIAL LEAST SQUARE CURVE FIT: 1.50 PERCENT FIBER.
TYPE OF SPECIMEN : COMPLIANCE

ANALYSIS FOR POLYNOMIA L OF ORDER 4 FOLLOWS :

NUMBER OF OBSERVATIONS : 15

NOTE: THE COEFFICIENT OF THE FIRST POWER TERM HAS BEEN
FORCED TO ZERO IN ORDER TO PROVIDE A FIRST DERIVATIVE OF 0.0
AT THE POINT (0,0).

THE FOLL OWING COEFFICIENTS ARE ARRA NGED IN ORDER
O F INCRE A SI NG POWERS OF T H E IN DEPENDE NT VARI ABLE

0.6975
0.0

162.3125
-644.7500
871 .7500

TABLE OF RESIDUALS

OBSERVATION A/W COMPLIANCE COMPLIANCE RESIDUAL
• ACTUAL CURVE FIT

1 0.688 59 .90 62.88 -2.98
2 0.656 56 .60 49.97 6.63
3 0.656 48.14 49 .97 -1.83
4 0.531 18.13 19.24 -1.11
5 0.5 23 18.62 18.08 0.54
6 0.521 17.39 17.81 -0.42
7 0.521 17.47 17.81 —0.34
8 0.450 9.90 10.56 -0.66
9 0.438 8.69 9.74 -1 .06
10 0.435 9.28 9.55 -0.27
11 0.398 8.50 7.63 0.87 =
12 0.380 6.96 6.93 0.03
13 0.380 8.00 6.93 1.07
14 0.28 1 5.27 4.64 0.63
15 0.0 0.33 0.70 -0.36

THE SUM OF THE SQUARE OF THE RESIDUALS IS 61.9932
THE NUMBER OF DEGREES OF FREEDOM OF THE POLYNOMIAL IS 10
THE GROSS ERROR OF ESTIMATE IS 6.1993 -
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POLYNOMIAL LEAST SQUARE CURVE FIT: 2.00 PERCENT FIBER .
TYPE OF SPECIMEN : COMPLIANCE

ANALYSIS FOR POLYNOMIAL OF ORDER 4 FOLLOWS :

NUMBER OF oBSERVAT IONS : 15

NOTE : THE COEFFICIENT OF THE FIRST POWER TERM HAS BEEN
FORCED TO ZERO IN ORDER TO PROVIDE A FIRST DERIVATIVE OF 0.0
AT THE POINT (0,0).

TH E FOL LOWING COEFFICIE NTS ARE A RR AN GED IN ORDER
OF INCR EASING POWERS OF THE INDEPE NDENT VARI ABLE

0.0349
0.0

391 .7500
—1480.3125

1634.8125

TABLE OF RESIDUALS

OBSERV ATION A/W COMPLIANCE COMPLIANCE RESIDUAL
ACTUAL CURVE FIT

1 0.680 63.31 65.27 -1 .96
2 0.672 62.32 61.11 1.21
3 0.656 55.10 53.48 1.62
4 0.551 22.08 22.02 0.06
5 0.531 17 .01 18.83 -1.82
6 0.5 16 18.13 16.86 1.27
7 0.51 6 14.97 16.86 -1.89
8 0. 512 16.14 16.39 -0.25
9 0.422 13.12 10.40 2 .72

10 0.406 11.19 9.96 1.23
11 0.406 10.29 9.96 0.33
12 0.39 1 8.50 9.65 -1.14
13 0.387 10.05 9.58 0.47
14 0.313 6.74 8.71 -1 .97
15 0.0 0.33 0.03 0.30

THE SUM OF THE SQUARE OF THE RESIDUALS IS 31 .0459
THE NUMBER OF DEGREES OF FREEDOM OF THE POLYNOMIAL IS 10
THE GROSS ERROR OF ESTIMATE IS 3.1046

52

_ _ _ _ _ _ _ _ _  

“ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-. ~~~~~~~~~.



~~~~~

-- -

~~~~

-—
~~~~

--
~~~~

—--

CITED REFERENCES

Annual Book of ASTM Standards (American Society for Testing and
Materials , May 1969), Part 31.

Batson , G. B. et al., “Fl exural Fatigue of Steel Fiber Reinforced
Concrete Beams ,” Journa l of the American Concrete Institute,
Proceedings Vol 69 , No. 11 (November 1972), p 673.

Batson , G. B., E. Jenkins , and R. Spatney, “Steel Fibers  as Shear
Reinforcement in Beams ,” Journal of the American Concrete
Institute, Proceedings Vol 69 , No. 10 (October 1972), p 640.

Biczok , I., Concrete Corrosion and Concrete Protection (Chemical
Publishing Co., 1967), p 243.

Brown , J. H., “The Failure of Glass-Fiber-Reinforced Notched Beams in
Flexure ,” Magazine of Concrete Research , Vol 25 , No. 82 (Ma rch
1973), p 31.

Brown , J. H., “Measuring the Fracture Toughness of Cement Paste and
Mortar ,” Magazine of Concrete Research, Vol 24 , No. 81 (December
1972), p 185.

Desai , J. D. and W. W. Gerberich , “Analysis of Incrementil Cracking by
the Stress Wave Emission Techni que ,” Engineering Fracture Mechanics,
Vol 7 (Pergamon Press, 1975), p 156.

Forzani , A. A., Environmenta l E f f e c t s  on Fiber Reinforced Concrete,
Unpublished M.S. Thesis (Clarkson College of Technology , 1972).

Griffith , A. A., “Phenomena of Rupture and Flow in Solids ,” P~i i osc~~z~~~z~Transactions, Vol 221 , No. A587 (Royal Society of London , 1921),
p 163.

Gross , B., J. E. Srawl ey, and W. P. Brow~, Stress I nt :s~~~’ Factors ~~~a Sing le Edge Notch Tension Specimen by Boundary Col Z ~~~-~t :~cn ~~~~~ ~

Stress Function , NASA Technical Note D 2395 (National Aeronautics
and Space Administration [NASA], August 1964).

Irwi n , G. R. and J. A. Kies , “Critical Energy Rate Analysis of Fracture
Strength,” Welding Joz~rnal, Vol 33 (April 1954), p l93s.

Knott , J . F ., Funda~nentals of Fracture Mechanics (Butterworths , 1973) ,
p 105.

Mathis , M. J . ,  Fracture Testing of Fiber Reinforced Concrete b~
Means of the Wedge Opening Loading Specimen, Unpub l i shed  M.S .
Thesis (Clarkson College of Technology , 1974).

53 

~ 

— 

.~~- -



Romualdi , J. P. and G. B. Batson , “Mechanics of Crack Arrest in Concrete ,”
Journal of the Engineering Mechanics Divi8ion, Proceedings of the
American Society of Civil Engineer8 , Vol 89, No. EM3 (June 1963),
p 141.

Romualdi , J. P. and J. A. Mandel , “Tensile Strength of Concrete Affected
by Uniformly Distri buted and Closely Spaced Short Lengths of Wi re
Reinforcement,” Journal of the American Concrete Institute, Pro-
ceedings Vol 61 , No. 6 (June 1964), p 657.

Srawley, J. E., M . H. Jones , and B. Gross, Exper imental. Determination of
the Dependence of Crack ExtenSion Force on Crack Length for a
Single Edge Notch Tension Specimen, NASA Technical Note D 2396
(NASA , August 1964) .

Swamy, R. N. and P. S. Mangat , “The Onset of Cracking and Ductility of
Steel Fiber Reinforced Concrete ,” Cement and Concrete Research., —

Vol 5 (1975) , p 37.

Symposium on Fracture Toughness Testing and 1t8 Applications, ASTM
Special Technical Publication No. 381 (ASTM in cooperation wi th
NASA , 1965).

Tada , H., P. Paris , and G. Irwin , The Stress Ana lysis of Cracks Handbook
(De l Research Corporation , 1973).

Turner , C. E., “Fracture Toughness and Specific Fracture Energy: A Re—
Analys i s  of Resul t s ,” Materials Science and Engineering, Vol 1 1
(May 1973), pp 275—282 .

Wessel , E. T ., “State of the Art of the WOL Specimen for KJ~ Fracture
Toughness Testing, ” Engineering Fracture Mechanics , Vol 1 (1968),
p 77.

Woo ds , H., Durability of Concrete Construction, ACI Monograph #4 (American
Concrete Institute, Iowa State University Press, 1968), p 137.

UNC lIED REFERENCES

Fisher , D. M., R. T. Bubsey, and J. E. Srawley, Design of (lee of Dis-
placement Gage for Crack-Extension Measurements, NASA Technical
Mote 0 3724 (NASA , November 1966) .

Gross, B. I. and J. E. Srawl ey, Stress Intensity Factors by Boundary
Collocation for Single Edge Notch Specimens Subject to Splitting
Forcea, NASA Technical Note D 3295 (NASA , February 1966).

Gross , B. 1. and J. E. Srawley, Stress Intensity Factors for Three
Point Bend Specimens by Boundary Collocation, NASA Technica l
Note 0 3092 (NASA , December 1965).

54

-~~~~~~~~~~~~~~~~~~~~ -- -~~~~~~ - - -~~~~~~~~~~



-~~~~~~~~~~~~~ - ~~~~--

Hornbeck , R. W ., Numerical Methods (Quantum Publishers , Inc., 1975),
p 295.

Ketter , R. L. and S. P. Prawel , Modern Methods of Engineering Computa-
tion (McGraw—Hill , 1969).

Neville , A. M. and J. B. Kennedy , Basic Statistica l Methods for  Eng ineers
and Scientists (International Textbook Company , 1964).

55

________________________________________________________________________________



CERL DISTRIBUT I ON
Chief of Engineers
ATTN: DAEN-MCE-D
ATTN : DAEN-CWE-DC
ATIN : DAEN-CWE-DS
Department of the Army
WASH DC 20314

Defense Documentation Center
ATTN: TCA (12)
Cameron Station
A l e x a n d r i a , VA 22314

~~~
- ,-

~~~~~~~~~~~~~~~~~~~~~~~~~
-

~~~~~~~~~~~~------ - —~~ - ——-


